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Abstract. This manuscript investigates the impact of porosity and micromechanical models on the flexural
behavior of functionally graded plates employing a refined higher order shear and deformation theory. The plate’s
material properties are supposed to be varying gradually through the direction of the plate’s thickness according to
different micromechanical models namely: Voigt’s model often used in furthermost functionally graded plates
researches, Mori Tanaka’s, Reuss’s and LRVE’s models. Virtual works principle is employed to determine the
equations of equilibrium and some numerical results are exhibited to validate the accuracy and effectiveness of the
present theory for flexural behavior of functionally graded plates. A parametric investigation is conducted to assess
the influence of various parameters on the displacements and stresses of the plate including micromechanical
models’, porosity distribution shape and geometry of the plate. In light of this study we conclude that the present
refined theory is efficient accurate and reliable for predicting the flexural behavior of functionally graded plates
considering different porosity distribution shapes and various micromechanical models.

Keywords: flexural behavior; functionally graded plates; micromechanical models; porosity distribution
shapes; shear stresses and strains

1. Introduction

Functionally Graded Materials (FGM) provide superior mechanical properties relative to
conventional homogeneous materials thanks to their distinctive compositional gradients, enabling
customized performance across diverse applications. FGMs can be engineered to combine
dissimilar materials, optimizing their mechanical responses under specific conditions, such as
thermal or mechanical stress, which is mainly beneficial in numerous fields (Naebe and
Shirvanimoghaddam 2016, Silva et al. 2024). Furthermore, improvements in manufacturing
processes like additive manufacturing make it easier to precisely manage material gradients, which
lowers concentrations of stress and improves the ability to bear loads (Daouadji and Adim 2016).
All things considered, FGMs are a major breakthrough in material science, offering solutions that
conventional homogenous materials are unable to provide (Naveen and Devarajaiah 2024, Zghal
and Dammak 2024).
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Functionally graded materials in structural applications have recently advanced, with an
emphasis on improving their mechanical and thermal characteristics through creative design and
analysis methods (Chen et al. 2021, Li et al. 2024). According to research, FGMs, with a constant
variation in material composition, are capable of overcoming challenges like delamination and
cracking that are frequently observed in conventional composite structures (Li et al. 2019). The
mechanical, thermomechanical and thermoelastic behavior of these plates under various loading
conditions has been predicted using sophisticated modeling techniques, such as finite element
analysis and different homogenization techniques (Abouelregal and Datrgail 2023, Li et al. 2025,
Abouelregal and Mohamed 2018, Abouelregal, 2022).

Bending behavior of Functionally Graded Materials under mechanical loads has been
thoroughly investigated using a multitude of approaches, such as experimental and finite element
analysis. Significant differences in performance based on gradient profiles were found when Noori
et al. (2024) investigated the impact of material gradient indices on the deflection and stress
responses of FGM rectangular plates under various loading conditions. In their study on
functionally graded viscoelastic materials, Njim et al. (2023) showed that while changes in power-
law exponents can improve fatigue strength, greater porosity has a detrimental effect on bending
strength and deflection. With a focus on the impact of material distribution on structural reactions
under mechanical loads, Bui et al. (2022) examined the geometrically nonlinear response of FG
beams.

Numerous investigations have shown that the behavior of Functionally Graded Materials is
greatly influenced by variations in material properties through their thickness. A gradual change in
material properties enables FGMs to combine the advantages of several materials, impacting
deformation and stress responses subjected to different loading and boundary conditions. For
example, Noori et al. showed that, depending on boundary and loading conditions, varying
material gradients in FGM plates result in differences in deflection and stress (Noori et al. 2024).
According to the study of Adiyaman and Turan (2024) of porous 2D FG beams, porosity and how
it is distributed have a significant impact on static analysis, affecting stresses and deformations. In
their investigation of multidirectional FG plates with varying thickness, Son and Qui (2022)
demonstrated how material gradation, as determined by Isogeometric analysis, influences vibration
and static bending behavior. A power-law method was used to determine the effective properties.
According to Sahmani et al. (2021) flexural stiffness in FG nanoplates is influenced by the
thickness variation shape (concave, convex or linear) because of surface elasticity; variations in
the thickness pattern vary the stiffness and deflection outcomes. Ghazzawi and Abdelrahman
(2020) compared various property distribution functions, including sigmoid and exponential
variations, demonstrating that these variations impact the shear deformation effects and bending
behavior in thick FGM plates, with sigmoid FGMs exhibiting less noticeable stiffening than
power-law FGMs.

Recent developments in micromechanical models for functionally graded materials (FGM)
have aimed at improving the accuracy of predictions regarding mechanical and thermomechanical
behaviors across diverse conditions. Several micromechanical models, such as Voigt, Reuss,
Tamura, LRVE, and Hashin, have been employed to predict the material properties of FGMs,
particularly in the context of simply-supported plates. These models are crucial for understanding
the free vibration and static behavior of FGMs, especially when analyzed using quasi-3D
hyperbolic shear deformation theory, which considers stretching effects and temperature
influences on fundamental frequencies and transverse displacements (Chen et al. 2024). Moreover,
the Green’s function technique has been employed to compute local fields in functionally graded
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materials under thermomechanical loading, facilitating the prediction of effective material
properties. This approach, combined with Eshelby’s equivalent inclusion method, provides a
detailed analysis of the effects of particle size and material gradation on the effective stiffness,
thermal expansion coefficient, and heat conductivity of FGM (Wu et al. 2024). Furthermore,
advanced thermoelastic models incorporating higher-order fractional derivatives have been
developed to analyze the thermoelastic behavior of FGMs, particularly under thermal shock
conditions. These models use the dual-phase-lag thermos-elasticity theory to provide sophisticated
approximations of heat flux, temperature gradients, and thermal displacements (Alsaeed and
Abouelregal 2024). In addition, the variation of material properties in multiple directions in
functionally graded materials (FGMs) poses challenges in estimating overall mechanical
properties, leading to the development of various modelling techniques to address these
complexities (Joshi et al. 2022).

Porosity variations have a major effect on the bending behavior of FG materials, affecting
deflection, stress distribution, and overall mechanical performance. It is possible to enhance
structural integrity by carefully managing the changed neutral plane deformation and stress
concentrations caused by porous imperfections, which can decrease bending strength while
increasing compressive strength (Nadiia and Jia 2024). Stochastic models offer insights into
material unpredictability, and the study of curved FG beams shows that bending behaviors under
uniform loads are influenced by various porosity distributions, including even and sinusoidal
(Amir et al. 2024). Porosity distribution and gradation parameters also affect the bending and
buckling responses of porous beams; exponential changes in material characteristics have a
significant impact on deflections and critical buckling loads (Adiyaman and Turan 2024).
According to Sidda and Vijaya (2024), porosity plays a crucial role in determining the mechanical
characteristics and buckling behavior of functionally graded porous plates. This highlights the
importance of carefully considering porosity in design and analysis, as higher porosity decreases
the critical buckling load, demonstrating that higher porosity weakens the material’s structural
integrity by causing voids that impair its capacity to support forces of compression. As stated by
Masmoudi et al. (2024), porosity is a significant factor that needs to be addressed while designing
FG sandwich plates. It is crucial for engineering applications as an understanding of its impacts
can improve predictions of stability and performance under different loading scenarios.

As we learned from this bibliographic review, it is rare to find thorough studies which
investigate all of the different facets of the behavior of functionally graded plates at the same time,
especially when it comes to examining how the choice of micromechanical models affects the
bending behavior of functionally graded plates using refined high order shear deformation theory.

For the engineering community, researching how porosity and micromechanical models affect
functionally graded material (FGM) plates has several useful applications. These investigations
shed light on the mechanical behavior of FGMs, which is essential for creating cutting-edge
materials with specific qualities for particular uses. Engineers may improve material performance
under a variety of conditions, including mechanical and temperature loadings, by understanding
how porosity and micromechanical models affect FGM plates. Such knowledge is crucial for
creating more dependable and efficient materials in sectors including civil, automotive, and
aerospace engineering.

The primary goal of this study is to investigate how micromechanical models affect the bending
behavior of porous functionally graded plates using the present refined high order shear
deformation theory, this refined theory takes into account the shear effect on the deformations and
stresses without needing any shear correction factor (such as, the first order shear deformation
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theory), moreover the present theory includes only four unknown variables against five unknowns
or more in the other high order theories, which makes this theory advantageous compared to other
theories in terms of simplifying the mathematical formulation and time gaining.

2. Micromechanical models considered for imperfect FG plates

In this manuscript we study an FG plate with length “a”, width “b” and thickness “h”. The
materials characteristics of the functionally graded plate vary progressively from 100% metal in
the lower surface to 100% ceramic in the upper surface. The Young’s modulus E(z) of the FGM
plate is determined by the various micromechanical models given bellow.

Where E; and Er, denotes the material properties of ceramic and metal, respectively, and “4” is
the material’s volume fraction exponent.

2.1 Voigt’s model

The majority of researchers use this micromechanical model to describe materials properties
distribution across the plate’s thickness, this is due to its simplicity, it is given as fellow (Bouazza
et al. 2024, Kim and Reddy 2013)

B
1
E(z) = En + (Ec - Em) (E + %) - Eporosity 1)

2.2 Reuss’s model

the stress is supposed to be uniform across the material according Reuss (Billel 2023), this
allowed him to determine the effective material properties by

EcEm

Ee(1-(42) o B34

E(z) =

)ﬁ - Eporosity (2)

2.3 Mori-Tanaka’s model

Micromechanical models like the Mori-Tanaka model can be used to estimate the local
effective material characteristics. According to this approach, the heterogeneous material is a two-
phase composite made up of a matrix that is dispersed randomly and reinforced by spherical
particles all over the plate. The material properties are described in accordance with the Mori-
Tanaka homogenization method by (Zaoui et al. 2022)

1,z B
E(z) = En+ (E. — Ep) (1 (2 h) ) - Eporosity (3)

z\B c v
+(1-G+) )E1)ES
2.4 LRVE’s model

To determine the FGM’s effective material properties, Rabai used the LRVE (local cubic
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Table 1 Types of porosity adopted in the present study

Designation of porosity Mathematical formulation* Shape of porosity
Type | = - z B - ¢
(Uniform Distribution) E=(Ee = En)(G+ 0-5)7 + B = (Ec + Em)

E = (E; — En)(G +0.5))F + Epy — (E. +

Type Il
(Distribution in “X” shape) E,) % (2 |ih|)

Type Il E = (E; — En)(G +05))f + By — (Ec +
(Distribution in “O” shape) E,) % (1-2 %')

Type IV E = (Ec~ En)(C +05))f + Ep — (Ec +
(Distribution in “V” shape) E,) % (% + %)

* We consider in this study that the porosity volume fraction « equal to 0.2

representative volume elements) model. The LRVE micromechanical model-based material
properties can be obtained according to Billel (2023) by

1,2\
_+_
E(z)=E,| 1+ % - Eporosity (4)

-G
1_Em 2 h
Ec

3. Porosity distribution shape across imperfect FGM plate

In this study, the porous FGM plate is considered to have porosities spreading throughout the
plate’s thickness caused by flaws occurred in the manufacturing process. Typical manufacturing
flaws that cause porosity in functionally graded materials (FGMs) include shrinkage during
cooling, gas occlusions, and inadequate filling of reinforcing capillaries. According to Gawdzinska
et al. (2001), inadequate filling happens when the liquid matrix does not sufficiently soak the
reinforcement, frequently as a result of insufficient pressure during the casting process. This can
lead to several forms of porosity. Furthermore, voids may be produced by the release of dissolved
gasses during solidification, and cavities may emerge as the material changes from a liquid to a
solid due to shrinkage porosity, which occurs when the cooling process is not well controlled. To
be thorough, four types of porosity distributions are employed in the present investigation to cover
any case scenarios that represents accurately the actual structure of porous FG plates.

In order to calculate the effective mechanical properties of imperfect FGM plate, we subtract
the porosity rate (Eporosity) from the given micromechanical equation

The following table gives the main forms of porosity adopted in the present research with their
graphical presentations and mathematical expressions (Daouadji et al. 2016a, Hadj et al. 2021).

4. Mathematical formulation of the present theory

In this study we examine an FG plate with dimension: “h” thickness, “a” length and “b” width.
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Fig. 1 Schematic of an FG plate
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It is supposed that the material’s characteristics will gradually change across the FG plate’s
thickness. The “xy” plane is thought to represent the plate’s mid-plane, and the “z” axis is positive
upward from the plate’s mid-height (Fig. 1) (Adim and Daouadji 2024).

4.1 Displacements and deformations

For the development of the present theory, we assume the displacement field to be writing as
follow (Henni et al. 2021)

] owg
u(x,y,2) =uo(x,y) =2, = f(@) 5

] owg
U(X'Y;Z) =v0(x,y)—zalyb—f(z) a‘,:/ (Sa)

w(x,y,z) = wy(x,y) +ws(x,y)

The shape function describing the distribution across the thickness of the plate of shear stresses
and strains is represented according to Li et al. (2020) in Eqg. (5b), while the displacements in the
mid-plane section u, and v, of the plate are in the “x” and “y” directions, respectively;
w,, and w, are the bending and shear components of transverse displacement.

f(2) = z= Hsin() (D)

With only four unknown variables compared to five or more in other high order theories, the
present refined high order theory accounts for the shear effect on the stresses and deformations by
ensuring a parabolic distribution of shear stresses across the plate’s thickness while guaranteeing
the nullity of these stresses at the top and bottom of the FG plate without requiring any shear
correction factors. This makes the theory more effective compared to other high order theories in
terms of optimizing the mathematical formulation and saving time.

The deformations relations can be attained by deriving the field of displacement shown in Eq.
5a, these stains can be given by

_Oug 2%wy, _ 92wy
& =———z2—— — (D55 (6a)
_ 0y, 3wy 92wy

g, =0 (6¢)
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_duy | vy 92wy,

Yay = ay dx Za ay 0xdy (Gd)
=952 (6¢)
ows
=9(2) > (6)
By assuming the following expressions
_ du b 62wb _ 92 Wg _ v, b _ 62wb
82_ g kx axZ’k’SC__axZ’Je_a_;’ YT Tay2 (69)
s _ _62WS 0 _ 6u0 b _ 6 wb s _ 62w5
ky T 9y? Yay = 6y ke 6x e zaxay' (6h)
ows ows d .
V=52 v = S2and () = 1 - L2 (6i)
The deformations can be given in the final expression by
& =l +zkD+ f(Dks, e, =€) +z kb + f(Dk5,e, =0 (6)
Yoy = Vay T2k + f(D) K3y Vyz = 9(2) Vyz Yaz = 9D Vs (6k)

4.2 Stress relations

The stress relations of FG plates can be obtained using the Hooke’s law, and can be written by

Ux Qll Q12 0 gx
{Uy } = !le Qp O ] { &y } (7a)

Txy 0 0 QG6 Vxy
E=1% 0lf (1)

Knowing that (crx, Ty Ty Tyz:sz) and (sx, &y Vays Vyzo yxz) are the normal and shear stresses
and strains components, respectively. Basing on the micromechanical material properties shown in
Eq. (1) to Eq. (4), the coefficients of stiffness, Q;;, can be given as

Qi1 = Q22 = Qiz = Qaa = Us5 = Q66 =

E(z)
12’

vE(z)
1-v2’

E(z)
2(1+v)

(8)

4.3 Equations of equilibrium

The equations of equilibrium are obtained using the virtual works principle. The virtual
displacements principle is given in the following formula

fV O'l'j6€ijdV - fA andA =0 (9)

Where “V” is the plate’s volume and “A” is its top surface. By replacing Eqg. (6) and Eq. (7) into
Eqg. (9) and integrating this last one, Eq. (9) will result in the following expression

J [Ny 82 + Ny 8e) + Ny, 80y, + M2Sk2 + M)Sk}) + MRy, 5k%,, + MiSks + My &ks +

M3, 605, + Q5,875 + Q5,075,1dA — [, q (Swy + 6wy)dA = 0 (10)
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Where the N, M, and S° resultants are given by

%x ) [ Ox A1 Arz
Ny Oy A, Ay
xlg)/ Txy 0 0
M’lf) h/2 20x Bi1 Biz
< My r= j < Zo-y rdz = B12 B22
Mk, | Ohz| Pty 0 0
m; 1 (&) A
¥ f@a, .
y f)r 12 22
kM;y} e - 0 0

{S;Z} _ rh/2

s5,8 7 -n

s lr)az=[4 2

0 By B, 0 B
0 By By 0 B
Agg O 0 Bg O
0 Dy D 0 Diy
0 Dz Dy 0 Dy
Bgg O 0 Dg O

0 Dy D, 0 Hp
0 Df, D 0 Hp
B, 0 0 D5 O

L0

44 0

Knowing that Aj;, Bj;, Djj etc., are the stiffness of the FG plate, expressed as

Ay Byy Dy By Dy Hp
Ay By; Dy, By, Dy, Hi,
Ass Bes Des Bss Dss Hee

B,
BS,
0
D5,
D,
0
HE,
HS,
0

Y ) , Q11
= [ (12,22 f@), 2f (), f*(2)) | Q2 { dz

Q66

(Az2, B22, Dy, stz' Dzsz; stz) = (A11, B11, Dll' B1S1: D1S1' H1S1)

h/2
Ay = A§5 = f

—h/2 Q44(g(Z))2dZ - f h/2 QSS(g(Z))ZdZ

S
H66‘

(12a)

(12b)
(12¢)

The equilibrium equations can be obtained by integrating the displacement in Eq. (9) and
assuming the nullity of the coefficients duo, dvo, own and ows. Consequently, the equilibrium

equations can result in

dug: %+ag—;y=0
6vy: a;v% %=0
Swy: azM"+2‘72M"y+azMy+q—0
Swy: aZMx +2 azM;y +2 %My | Sk as’” 7 65” +q=0

Substituting from Eq. (11a) and Eq. (11b) into Eqs. (13a)—(13d), we get

9%ug a2 uo 0%vy 3wy 3wy
Ao tAee5, + (A1 + Age) 22 axay P13 (Biz + 2Bge) Ix0y?
93w 93w
s s s s _
2366)6 a 2_ 11 ax3 _0
6 170 6 170 6 uo 63Wb 6 Wb
Azz tAes 52t (A2 +Aee) > —Bop 75— (B2 + 2366)
dx ay dy
a3 ws s 03wg

2B36) 5

=0

-B
22 ay3

— (B,

— (Bi, +

+

(13a)
(13b)
(13c)

(13d)

(14a)

(14b)
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23,

B11 Py >+ (Byy + 2366)6 2y2 + (B12 + 2366) zay 2253 D11 Pyl 2(Dq; + (140)
C
94w o*w 04w o*w o%w
2Dg6) axzaf]z 22#— 11 Y > —2(Di; + 2D66) zasz — D3, ay: +q=0
03u 23u, 93, 93y, o%w

B3, I — + (Bf, + 2B%) axdy &+ (Bf, + 2366) zaoy 22 33,30 11 axf -

9*w 64W 0*w 0*w 0*w
2(Di; + 2Dge) 5 zabz Dzszvf —Hy 5~ 2(Hiy + 2Hge) 5 55w — H o+ (14d)

s 02 o"Ws s 02 Ws

Ass 52 TAu7, +a=0

4.4 Navier’s analytical solution for FG plates

For the present research, we consider a simply supported FG plate subjected to a transverse
load g. Basing on Navier’s solution, we assume the following expansions of displacements (uo; Vo,
Wp; Ws) as (Adim et al. 2016)

Uy (%, ¥) = Xm=12m=1 Umn cos(Ax) sin( py) (152)
Vo (X, ¥) = Xin=1Zn=1Vmn sin(Ax) cos(uy) (15b)
wp (%, y) = Xim=1Ln=1 Wpmn Sin(Ax) sin(uy) (15¢)
ws(X,y) = Xm=1 Zn=1 Wemn sin(Ax) sin(uy) (15d)

Where Umn, Vi, Womn and Wsmn are unknown variables to be determined, and 1 = % and u =

nm

The applied transverse load q is given as follows

q(x,y) = Xm=12n=1Qmn sin(Ax) sin(py) (16)
Substituting from Eqg. (15) into Eq. (14), we obtain the subsequent operator equations
A1 Q2 Q13 Qqg Umn 0
Q12 Qzz QAz3 Qg Vinn _ 0 17)
Q13 Q3 Q33 Q34 || Wymp Qmn
Q14 Qz4 Q34 Q4a | \Wippn Qmn
With
Ay = A A% + Agelt®, a1z = Au(Arz + Age) (18a)
a3 = —A[B11 4> + (B1z + 2Bee)1t?], a1a = —A[Bf 1A% + (B, + 2Bgs) 1] (18b)
Ay = Aggh® + Agalt®, azz = —U[Boat® + (Biz + 2Bg6) A% (18c)
g4 = —U[B321* + (Bf; + 2Bg6)A*] (18d)
azz = D11 A* + 2(Dyp + 2Dge) A1 + Dpppu* (18e)
azq = D1 A* + 2(Df; + 2D§e) A + D3op* (18f)

Ayq = H{HA* + 2(HS, + 2HE) A2 p? 4+ H3pu* + AZs A% + Ajap® (189)
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Table 2 FG Plate’s material properties

Designation Poisson’s ratio v Young’s modulus E (GPa)
Metal (Aluminum) 0.3 70
Ceramic (Alumina) 0.3 380

Table 3 Effect of homogeneity degree 8 on the displacement and stresses of a perfect square FG plate

Micromechanical model Theory p=1 B =2 B=4 B=8
Quasi-3D (Wu etal. 2011) 0,5876  0,7571 0,8823  0,9739
SSDT (Zenkour 2006) 0,5889 0,7573 0,8819 0,9750
Voigt HSDT (Mantari et al. 2012) 0,5880 0,7564 0,8814  0,9737
W TSDT (Wu et al. 2010) 0,5890 0,7573 0,8815  0,9747
Present 0,5889 0,7573 0,8819  0,9750
Reuss Present 0,8133 0,9421 1,0560 11,1783
LRVE Present 0,7313 0,8695 0,9749 1,0882
Mori-Tanaka Present 0,7628 0,8983 1,0095 1,1268
Quasi-3D (Wuetal. 2011) 1,5061 1,4133 11,1841  0,9622
SSDT (Zenkour 2006) 1,4894 1,3954 1,1783  0,9466
Voigt HSDT (Mantari et al. 2012) 1,4888 1,3940 1,1755 0,9431
_ TSDT (Wu et al. 2010) 1,4898 11,3960 11,1794  0,9477
7x(h/3) Present 14894 153954 11783  0,9466
Reuss Present 1,2265 11,0700 0,9563 0,9156
LRVE Present 1,3704 1,1854 0,9906 0,8565
Mori-Tanaka Present 1,3009 1,1310 0,9795 0,8950
Quasi-3D (Wuetal. 2011) 0,2511 0,2495 0,2362 0,2261
SSDT (Zenkour 2006) 0,2622 0,2763 0,2580 0,2121
Voigt HSDT (Mantari et al. 2012) 0,2566  0,2741  0,2623  0,2140
_ TSDT (Wu et al. 2010) 0,2599 0,2721 0,2519  0,2087
Txz(h/3) Present 0,2622 0,2763 0,2580 0,2121
Reuss Present 0,2524 0,2378 0,2186  0,2069
LRVE Present 0,2665 0,2556 0,2248  0,2050
Mori-Tanaka Present 0,2588 0,2468 0,2237 0,2069

5. Numerical results

In this part of the manuscript, we proceed to the validation of the present theory followed by
the study of the behavior of FG plates considering numerous micromechanical models; to attain
this purpose, an FG plate consisting of a material combination of ceramic and metal is considered,
the material properties are shown in Table 2 as follow (Daouadji et al. 2016b, Hadj et al. 2021)

;= 1On°Ec (a by . _ h _(abzy. _ h bzy . _ M z

W= qoa* w (E'E) 1 Ox = qoa Ox (2 '2’ h) 1 Taz = qoa Txz (0' 2’ h) ' Txy = quTxy (0'0' h) (19)

Table 3 clearly illustrates the convergence between the different high order shear deformation

theories Quasi-3D (Wu et al. 2011), SSDT (Zenkour 2006), HSDT (Mantari et al. 2012) and
TSDT (Wu et al. 2010) and the present model utilizing four micromechanical models (Voigt,
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Table 4 Variation of the dimensionless deflection W as a function of the side-to-thickness ratio “a/h” and the
homogeneity degree “$” of a perfect square FG plate

. . Ceramic Metal

a/h  Micromechanical model B =0) p=1 B=2 B=5 B=10 (B = )
o Voigt 0,2181 0,6410 0,8978 1,0659 1,0754 1,1840
m Reuss 0,2181 0,9215 1,0417 1,0893 1,1037 1,1840
S LRVE 0,2181 0,8428 1,0156 1,0781 1,0874 1,1840

Mori-Tanaka 0,2181 0,8694 1,0214 1,0832 1,0952 1,1840
o Voigt 0,1098 0,3218 0,4510 0,5364 0,5418 0,5961
N Reuss 0,1098 0,4632 0,5242 0,5486 0,5560 0,5961
5 LRVE 0,1098 0,4234 0,5107 0,5430 0,5479 0,5961

Mori-Tanaka 0,1098 0,4369 0,5138 0,5455 0,5518 0,5961
- Voigt 0,0550 0,1611 0,2257 0,2687 0,2714 0,2986
5 Reuss 0,0550 0,2319 0,2625 0,2748 0,2785 0,2986
S LRVE 0,0550 0,2119 0,2557 0,2720 0,2745 0,2986

Mori-Tanaka 0,0550 0,2187 0,2573 0,2733 0,2764 0,2986
o Voigt 0,0367 0,1074 0,1505 0,1792 0,1810 0,1991
© Reuss 0,0367 0,1547 0,1751 0,1833 0,1858 0,1991
5 LRVE 0,0367 0,1413 0,1705 0,1814 0,1830 0,1991

Mori-Tanaka 0,0367 0,1459 0,1716 0,1822 0,1843 0,1991
- Voigt 0,0275 0,0805 0,1129 0,1344 0,1358 0,1493
X Reuss 0,0275 0,1160 0,1313 0,1375 0,1393 0,1493
S LRVE 0,0275 0,1060 0,1279 0,1361 0,1373 0,1493

Mori-Tanaka 0,0275 0,1094 0,1287 0,1367 0,1383 0,1493
o Voigt 0,0220 0,0644 0,0903 0,1075 0,1086 0,1195
§|3| Reuss 0,0220 0,0928 0,1051 0,1100 0,1115 0,1195
< LRVE 0,0220 0,0848 0,1023 0,1088 0,1098 0,1195

Mori-Tanaka 0,0220 0,0875 0,1030 0,1094 0,1106 0,1195

Reuss, LRVE, and Mori-Tanaka). As illustrated in this table, among the limitations of previous
studies is the fact that they consider only one micromechanical model (Voigt) in their
investigations while in the present study on the mechanical behavior of FG plates, we take in
consideration four micromechanical models (\Voigt, Reuss, LRVE, and Mori-Tanaka) to provide a
range of potentials to engineers and researchers.

The effect of homogeneity degree S on the dimensionless deflection and stresses of a
functionally graded FG plate under a transverse load is displayed in this table. It is evident that the
degree of homogeneity value determines how these stresses and deflection vary, where this degree
indicates the dominance of the properties of one of the components over the other, knowing that a
value equal to or near zero indicates that the ceramic properties are dominant in the FG plate, on
the other hand, a greater value of g is in favor of the dominance in the metal properties.

Table 4 and Figs. 2-3 exhibits the effect of micromechanical models against geometry
parameters and degree of homogeneity on the dimensionless displacement (deflection) of an FG
plate using the present refined shear deformation theory. It can be easily observed from the Table 4
and Figs. 2-3 that the displacement is decreasing with the increase of geometry ratios (side-to-
thickness ratio a/h and aspect ratio a/b) for the different micromechanical models (Voigt, Reuss,
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Fig. 5 Continued

LRVE ant Mori-Tanaka). Moreover, it is been observed from the results exhibited here that for all
the materials combinations (different values of ), Voigt’s micromechanical model underestimates
the deflection while Reuss’s model over estimates it, LRVE and Mori-Tanaka models gives values
of deflection between those of the Voigt’s and Reuss’s.

Furthermore, it is evident from Figs. 2-3 that the deflection results differ from one another. This
is due to the description of the variation of the Young’s modulus throughout the thickness of the
plate, where the micromechanical model of Voigt gives the greatest values of the Young’s
modulus (overestimating it) and the model of Reuss gives the smallest values (underestimating it).
The results of the LRVE and Mori-Tanaka models fall between those of the two earlier models
(Voigt and Reuss). In addition, in the present study we considered from the literature the simplest
and widely used micromechanical models to investigate their reliability and efficiency in the study
of the mechanical behavior of porous FGM plates.

Figs. 4-8 show the variation of dimensionless normal and shear stresses (dy, Gy, Txy, Tx; and
7y, ) through the thickness of an FG plate as a function of the aspect ratio “a/b” for different
micromechanical models. As presented in Figs. 4-5, the normal stresses 6, and &, reaches its
maximum of compression at the upper face of the plate, on the other hand it reaches its maximum
of tension in the bottom face of the FG plate. Furthermore, based on Figs. 7-8, we can be
irrefutably confirming the efficiency and precision of the present theory for describing the
behavior of FG plates, mainly: the shear stresses distribution in a parabolic way through the FG
plate’s thickness and assuring the nullity of these shear stresses at the upper and lower faces of the
FG plate.

Fig. 9 displays the effect of porosity distribution versus side-to-thickness on the dimensionless
deflection of a square FG plate using the present theory. It can be effortlessly seen-for all
micromechanical models-that the deflection is dependent on the shape of porosity distribution
across the plate’s thickness, where this displacement is maximal for the case of the porosity
distribution in “X” shape (Type II), and minimal for the case of porosity distribution in form of
“V” (Type 1V), the other distribution shapes (Type I: uniform and Type Ill: “O” shape) gives
results between those of the last ones while the perfect plate gives the lowest values of deflection.
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Fig. 9 Variation of the dimensionless deflection W as a function of porosity shape and side-to-thickness ratio

“a/h” of a square FG plate “g =3”

Fig. 10 illustrate the variation of dimensionless normal stress &, through an FG plate’s
thickness as a function of porosity shape for various micromechanical models. As established in
Fig. 10, and for all porosities distribution shapes, the normal stresses 4, is maximal for the case of
the Reuss micromechanical model, and minimal for the case of Voigt’s model, the other
micromechanical models (LRVE and Mori-Tanaka) give results between those of the last ones.

Furthermore, all forms of porosity produce almost the same stress distribution shape and
values, making the impact of porosity distribution shapes on the stress distribution across the FG
plate’s thickness less evident.

6. Conclusions

In this study, we used an effective refined high order shear deformation theory to investigate
the bending behavior of perfect/imperfect functionally graded plates. By contrasting its findings
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Fig. 10 Distribution of dimensionless normal stresses @, through the thickness of a rectangular FG plate
“a/b=0.5" as a function of porosity shape “f=3"

with those of other higher order theories (Quasi-3D, SSDT, HSDT and TSDT), the current
theory’s validity is clearly demonstrated. Following validation, a parametric study was carried out
to identify the primary factors that significantly impact the FG plate’s bending behavior (for stress
and displacement). These factors include the material’s properties (Young’s modulus variation
according to the homogeneity degree ), the plate’s geometry (side-to-thickness ratio (a/h) and
aspect-ratio (a/b)), porosity distribution shapes (Type I, Type II, Type 1l and Type IV) and-above
all-micromechanical models’ description (Voigt, Reuss, LRVE, and Mori-Tanaka).

The primary findings of this study are as follows:

» The FG plate’s displacements and stresses increase as the homogeneity degree S increases;

* The deflection reduces as the aspect-ratio a/b and side-to-thickness ratio a/h increase.

» The displacement is greatly affected by micromechanical models; the LRVE and Mori-

Tanaka models provide deflection values that fall between those of the Voigt and Reuss

models, whereas the Voigt model underestimates the deflection and the Reuss model

overestimates it.
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 The porosity distribution shape has an important influence on the behavior of FG plates,

which should not be taking lightly in the conception and manufacturing of this type of plates

» The current refined high order shear deformation theory provides accurate and reliable

findings for all micromechanical models and porosity distribution shapes, particularly for the

distribution of shear stresses over the FG plate’s thickness.

The present refined high order theory can be exploited in future researches in the field of
functionally graded plates (for perfect or porous plates), for instance, we can investigate using
other micromechanical models and their implications in diverse loading conditions (mechanical,
thermal and hygro-thermo-mechanical loadings), or in studying the buckling and vibration
behavior of porous FG plates using micromechanical models and for various porosity distribution
shapes.
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